Introduction {#sec1}
============

Rh is regarded as an important active center, which is widely applied in various syntheses and their catalysis.^[@ref1]−[@ref4]^ In numerous syntheses, it has been used as a catalyst for cyclopropanation,^[@ref5],[@ref6]^ hydroformylation,^[@ref7],[@ref8]^ and C--H bond activation;^[@ref9],[@ref10]^ what is more, it has also been used for manufacturing acetic acid^[@ref11]^ and β2-amino acid.^[@ref12]^ In particular, Shan et al.^[@ref13]^ reported a mononuclear rhodium species, which was anchored on a zeolite or titanium dioxide support suspended in an aqueous solution; they catalyzed the direct conversion of methane to methanol and acetic acid using oxygen and carbon monoxide under mild conditions. Furthermore, they proposed that the conversion of methane to oxygenate occurred via an activation in the presence of O~2~ on isolated Rh^+^ cations; this was observed under mild conditions, which led to the production of Rh--CH~3~. Subsequently, the obtained Rh--CH~3~ can be functionalized via the insertion of O~2~ or CO to produce methanol or acetic acid, respectively. The isolated Rh^+^ species then become available for the next catalytic cycle.

Recently, Rh has been discovered to achieve a significant breakthrough by breaking the C--C bond, which further enhanced the high selectivity of electrocatalysts for the ethanol oxidation reaction (EOR).^[@ref14]−[@ref16]^ The high selectivity of the oxidation of CO was observed to occur for single-atom rhodium, rhodium oxides, and metal-based rhodium oxide nanoparticles.^[@ref17]−[@ref20]^ Moreover, for Rh, the oxygen-covered metallic surface is more active.^[@ref19]^ A single atom of rhodium can facilitate the transfer of five oxygen atoms to achieve the oxidation of carbon monoxide by a nine-atom rhodium--aluminum oxide cluster;^[@ref9]^ this is a significant breakthrough for single-catalyzed catalysis.^[@ref20]^ Rhodium-supported catalysts also exhibited an excellent catalytic performance for the oxidation of methane to syngas.^[@ref21],[@ref22]^ In particular, the aluminum-supported rhodium oxide ion (RhAl~3~O~4~^+^) can activate all the four C--H bonds of a methane molecule via an important intermediate during the conversion of methane into value-added chemicals.^[@ref22]^

Moreover, the dinuclear Rh complexes exhibit an extraordinary activity in the organic catalytic synthetic reaction. Garlets et al.^[@ref10]^ accomplished the intermolecular sp^3^ C--H functionalization by the reaction of silicon-substituted alkanes with aryl diazoacetates; this was achieved by employing the developed dirhodium Rh~2~(S-TPPTTL)~4~ catalyst, which resulted in the generation of a diverse array of stereodefined substituted silacycloalkanes with high enantioselectivity and diastereoselectivity. Chen et al.^[@ref16]^ have successfully achieved a high selectivity of oxidant-free dehydrogenation coupling between aldehydes and alcohols and between different primary alcohols using a dimeric rhodium(II) catalyst. Therefore, it is a challenging task to prepare and synthesize this kind of dimeric rhodium catalyst. For example, Tunik^[@ref23]^ synthesized a dimeric rhodium catalyst \[Rh~2~(CO)~4~(μ-SC~6~H~4~CH~3~)~2~\], which was formed by the reaction of \[Rh~6~(CO)~15~(NCMe)\] with *p*-thiocresol \[(4-Me)C~6~H~4~SH\] and played a vital role in hydrodesulfurization (HDS) catalysis. In previous reports, the RhO~*x*~ (*x* = 1--4) complexes were prepared by employing the reaction of laser-ablated Rh atoms with O~2~ in Ar. The Rh~*x*~(O~2~)~*y*~ complexes were observed, but only Rh(O~2~) and (O~2~)Rh(O~2~) were successfully identified using isotopic infrared spectra and frequency calculations associated with density functional theory (DFT). Moreover, (O~2~)RhO~2~ was confirmed as a peroxide with rhodium approaching the +6 oxidation state and (O~2~)Rh(O~2~) exhibited the behavior of both disuperoxo and diperoxo species.^[@ref24]^ In this study, based on the obtained results of mass spectrometry, the electronic structures and bonding character of binary rhodium--oxygen complexes (Rh~2~O~7~^+^) were investigated using DFT calculations.

Results and Discussions {#sec2}
=======================

[Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [S1, and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf) show the two types of Rh~2~O~7~^+^ isomers with the lowest spin states in energy optimized at the B3LYP/6-311G\*/SDD level. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, 29 isomers are included with doublet, quartet, sextet, and octet states. There is a single opening-loop structure, 10 cyclic isomers including 6 five-membered structures and 4 four-membered ring structures, and 18 linear isomers including 6 pseudo-linear structures containing O~2~ and 12 pseudo-linear structures containing one or two O~2~^--^. The results indicate that the energy of the opening ring structure is higher than that of the cyclic ones. The rhodium superoxides exhibit a higher energy than the oxygen coordination structures. For all the calculated structures, doublet ring structure **1** is the most stable in energy.

![Optimized bond length (in Å) and bond angle (in degree) for the lowest spin states of structures **1--11** at the B3LYP/6-311G\*/SDD level.](ao0c01321_0001){#fig1}

![Optimized isomers with different spin states of Rh~2~O~7~^+^ at the B3LYP/6-311G\*/SDD level.](ao0c01321_0002){#fig2}

For the cyclic structures, we also performed additional accurate single-point energy calculations at the CCSD(T)/B3LYP level. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the most stable structure is the sextet of ring structure **3**, which is different from the result obtained at the B3LYP level. As seen in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}, we found that the five-membered ring structures vary significantly with regard to order and energy; however, the four-membered ring structures alter a little in terms of energy.

![Optimized cyclic isomers with different spin states of Rh~2~O~7~^+^ at the CCSD(T)//B3LYP/6-311G\*/SDD level.](ao0c01321_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the geometries and electronic spin states of 10 cyclic and 1 ring-opening-loop structures, corresponding to the order in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The detailed geometric parameter and electronic spin state information of these linear structures have also been shown in Figures S1 and S2 (see in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf)). The geometric structures and vibrational frequencies of structures **1--11** are organized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. We obtained six five-membered ring structures, which were basically five nonplanar structures and one planar structure, as shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf). Structures **1--6** were formed because of a single cyclic Rh~2~O~3~ reaction with two oxygen molecules. The cyclic Rh~2~O~3~ unit, similar to the cyclic Co~2~O~3~ and Ni~2~O~3,~^[@ref25],[@ref26]^ exhibits a characteristic peroxide bond with lengths of 1.275--1.377 Å and a bridged oxygen bond connected with the Rh--O bond having lengths of 1.819--2.251 Å. Structure **3** is observed to be the ground state of a five-membered ring structure with a ^6^A state. It exhibits a nearly flat structure with a strong O--O stretching vibration at 1147.5 cm^--1^, which is indicated by the purple arrow in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. Simultaneously, bond order (BO) analysis and atoms in molecules (AIM) analysis also confirmed the peroxide bond between O3 and O8, as seen in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The vibrational strength of two O~2~ units is very different. This indicated that their electron density distributions are unequal. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the electron local function (ELF) value of one oxygen is approximately 0.8 and that of the other is 0.9; these have been clearly indicated in orange and red, respectively. Based on the parameter values in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, we can speculate a noncovalent weak interaction between Rh1 and O7. Moreover, its highest occupied molecular orbital (HOMO)-4 molecular orbital can also prove this, as seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Subsequently, we calculated the bonding energy of Rh1 and O7 to be 10.7 kcal·mol^--1^. Therefore, we can predict the method to form structure **3**, which is achieved by the weak absorption of Rh~2~O~5~ in the O6--O7 molecule. We also calculated the bonding energies of other structures with a higher symmetry than **3**; however, these were observed to be less stable than **3**. Finally, the localized orbital bonding analysis (LOBA) results showed that Rh has an oxidation state of 2 in structure **3**.

![Color-filled ELF map of **3**: (a) taking the Rh1--Rh2--O3 as a plane, (b) taking the Rh1--O5--O6 as a plane, and (c) HOMO-4 molecular orbital of structure **3**.](ao0c01321_0004){#fig4}

###### Ground Spin States and Vibrational Frequencies (cm^--1^) for Structures **1**--**11** on Rh~2~O~7~^+^

                     vibrational frequency (cm^--1^)                                                                    
  -------- --------- --------------------------------------------------- --------------- ------------------------------ ----------------------------
  **3**    ^6^A      544.2(10.5), 591.2(8.3)                             1147.5(171.5)                                  1553.9(129.3),1589.8(37.4)
  **4**    ^2^A      539.2(16.4),598.9(22.1), 717.7(8.5)                 1092.0(170.5)   1299.9(271.8)                  1588.8(19.9)
  **5**    ^2^A″     524.4(23.4),593.4(24.3), 597.0(15.2), 690.6(90.8)   886.2(41.9)     1328.9(502.3), 1348.3(150.9)    
  **2**    ^6^A      531.7(14.5),592.5(27.7), 698.3(6.1)                 1107.6(156.7)                                  1512.6(199.0),1587.9(27.1)
  **1**    ^6^A      552.5(21.0), 581.2(17.7)                            1133.2(144.6)                                  1481.7(268.9),1566.1(62.2)
  **6**    ^8^A      620.9(8.4),                                         1226.0(175.6)   1347.2(369.0)                  1604.7(12.5)
  **7**    ^8^A      500.5(5.8), 535.9(25.4)                             919.6(63.4)                                    1571.2(37.4)
  **8**    ^2^A      536.1(27.7), 556.7(27.5)                            916.1(58)       1344.9(253.4)                  1601.7(14)
  **9**    ^8^A      494.8(14.3), 538.3(21.3)                            866.7(34.5)                                    1585.6(32.1), 1613.3(8.6)
  **10**   ^6^A      523.6(20.9), 570.9(24.6), 655.7(13.3)               852.5(31.1)     1329.8(291.1)                  1612.4(7.1)
  **11**   ^6^B~1~                                                       847.6(71)       1294.4(249.7), 1304.2(198.5)    

Peroxide group, indicated as O3--O8 in 1.

Superoxide group, indicated as O4--O5 in 2.

Oxygen coordinate group, indicated as O4--O5 and O6--O7 in 1.

###### BO and AIM Analysis on Structure **3**

  bond      BO      ρ(*r*)   ∇^2^ρ(*r*)   *E*(*r*)     *V*(*r*)   ε         BD
  --------- ------- -------- ------------ ------------ ---------- --------- ----------
  O8--O3    1.166   0.412    --0.272      --0.395      --0.722    0.0403    --0.959
  Rh2--O3   0.524   0.110    0.611        --0.0179     --0.188    0.121     --0.163
  Rh1--O8   0.577   0.113    0.567        --0.0198     --0.181    0.0284    --0.175
  RCP               0.0192   0.0887       0.000865     --0.0204   --1.271   0.0451
  Rh2--O9   1.135   0.159    0.731        --0.0543     --0.291    0.140     --0.342
  Rh1--O9   0.848   0.131    0.562        --0.0330     --0.207    0.00827   --0.252
  Rh2--O4   0.257   0.0666   0.375        --0.000733   --0.0953   0.0292    --0.0110
  Rh1--O7   0.209   0.0479   0.311        0.00374      --0.0703   0.0624    0.0781
  O4--O5    1.650   0.533    --0.718      --0.644      --0.0111   0.0187    --1.208
  O6--O7    1.683   0.537    --0.758      --0.654      --0.0112   0.00923   --1.218

Structure **5** is calculated to have an ^2^A″ ground state with a two side-on bonded planar *C*~*s*~ symmetry, which exhibits a moderate O--O stretching vibration at 886.2 cm^--1^, as indicated by the purple arrow in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Compared with structure **3**, two O~2~ units were observed to alter into two O~2~^--^ units in structure **5**. Therefore, it exhibits a strong antisymmetric O--O stretching mode at 1328.9 cm^--1^ and a symmetric O--O stretching mode at 1348.3 cm^--1^. It exhibits an energy of 91 kcal·mol^--1^, which is higher than that of sextet **3** at the CCSD(T) level. Because of the transformation of one of the O~2~ units to the O~2~^--^ unit, structure **4** exhibits a strong superoxide O--O stretching vibration at 1299.9 cm^--1^ and a moderate O--O stretching vibration at 1092.0 cm^--1^. The O~2~^--^ and O~2~ units are almost perpendicular to the plane of the cyclic Rh~2~O~3~ and are observed to coordinate with one rhodium atom. It exhibits an energy of 82 kcal·mol^--1^, which is higher than that of sextet **3** at the CCSD(T) level. Structure **2** is similar to **4** with a strong O--O stretching vibration at 1107.6 cm^--1^, but the difference is in the fact that there is no O~2~^--^ unit in structure **2**. It exhibits an energy of 94 kcal·mol^--1^, which is 12 kcal/mol higher than that of doublet **4** at the CCSD(T) level. Structure **1** has a moderate O--O stretching vibration at 1133.2 cm^--1^, wherein two oxygen molecules are located at different directions on different Rh atoms relative to the cyclic Rh~2~O~3~ plane. Structure **6** is similar to **1**; the difference being that one of the O~2~ units was observed to transform into the O~2~^--^ unit. Therefore, structure **6** has a strong O--O stretching vibration at 1347.2 cm^--1^. It exhibits an energy of 101 kcal·mol^--1^, which is only 5 kcal/mol higher than that of sextet **1** at the CCSD(T) level. Based on the abovementioned results, we can conclude that at the CCSD(T)//B3LYP/6-311G\*/SDD level, the energy is observed to increase when the structure contains a superoxide unit and is coordinated to two rhodium atoms. This is in agreement with the B3LYP results. However, the energy is observed to show an opposite behavior when two units are coordinated to one rhodium, which is not in accordance with the B3LYP results.

![Color-filled ELF map of **5** and **11** (taking the Rh1--Rh2--O3 as a plane).](ao0c01321_0005){#fig5}

Ring-opening-loop structure **11** is calculated to have a ^6^B~1~ ground state with a planar C~2v~ symmetry. It appears to be a breakdown product of the peroxide bond in the five-membered ring of **5**. Its energy is 113 kcal·mol^--1^, which is 22 kcal/mol higher than that of **5**; therefore, it becomes less stable when a cleavage occurs in the peroxide bond. Furthermore, BO analysis and AIM analysis are shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the ELF analysis. The results indicate that the O--O bond is actually broken for **3** because of no bond critical point being observed between the peroxide O--O bond. As the most stable structure, structure **5** may be a potential catalyst, which clearly and primarily demonstrates the activity of the cyclic Rh~2~O~3~;^[@ref27]^ this is achieved because of the weak oxygen coordination.

In addition to the five-membered ring structure, we also discovered four four-membered ring structures. Structures **7--10** are formed via the reaction of the rhombic ring Rh~2~O~2~, attaching an extra O atom terminally with two molecular oxygens. The rhombic ring has been observed in numerous transition metal--oxygen systems.^[@ref25],[@ref26],[@ref28]^ The rhombic ring of the Rh~2~O~2~ unit has a special terminal Rh--O bond with lengths of 1.678--1.704 Å and a bridged oxygen bond that is connected with the Rh--O bonds of lengths of 1.881--1.941 Å. Structure **7** is found to be the ground state of the four-membered ring structure with the ^8^A state. It exhibits a nonplanar structure and a strong Rh--O stretching vibration at 919.6 cm^--1^, with two weak O~2~ stretching vibrations at 1571.2 cm^--1^. The LOBA results showed that Rh has an oxidation state of 1 in structure **7**. Structure **8** comprises a characteristic superoxide bond with a strong O--O stretching vibration at 1344.9 cm^--1^ and a moderate Rh--O stretching vibration at 916.1 cm^--1^. Structure **9** is another isomer of **7**, wherein two O~2~ units are coordinated to two respective rhodium atoms. Therefore, it has a strong Rh--O stretching vibration at 866.7 cm^--1^. Structure **10** is another isomer of **8**. Consequently, it exhibits a strong Rh--O stretching vibration at 852.5 cm^--1^. For the four-membered ring structures, we can predict that wherever two oxygen molecules are coordinated, the structures containing superoxide bonds are higher in energy than those without them. In addition, the linear structures prove to be the most unstable, as shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf).

Conclusions {#sec3}
===========

In summary, DFT calculations were successful in obtaining 29 isomers of Rh~2~O~7~^+^, including two types of oxygen-bridged bonds with ring and linear structures. In all the structures, the presence of the Rh--Rh bond was not observed. The most stable structure was discovered to be the sextet of structure **3**, wherein Rh has an oxidation state of 2. Last but not the least, analytical vibration and AIM analysis provided detailed explanation of these structures. This study provides a guidance to detect these structures in future experimental studies. Furthermore, these structures can also be regarded as valuable species in oxidizing and catalysis agents.

Computational Methods {#sec4}
=====================

The optimization of the electronic structure and frequency analysis were performed for Rh~2~O~7~^+^ using DFT calculations implanted in the Gaussian 09 program.^[@ref29]^ All calculations utilized the three-parameter hybrid function according to Becke, with additional correlation corrections from Lee, Yang, and Parr (B3LYP).^[@ref30]−[@ref32]^ The 6-311G\* basis set was used for the O atom; furthermore, the SDD pseudopotential and the basis set were used for the Rh atom. Hybrid density functional B3LYP has proven to be an accurate method for reproducing transition metal--oxygen complexes.^[@ref33]−[@ref36]^ Moreover, we also carried out the optimization and frequency analysis calculations using two other functionals (BP86 and M06L) and three sets of combination bases (6-311G\*/SDD, 6-311G\*/Lanl2DZ, and 6-31G\*/SDD indicated as (1), (2), and (3) in [Figure S5a--c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf), respectively) to compare the calculated results with experimental Rh~2~O~9~^+^. The B3LYP displays good agreement with the experimental results in [Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf). However, the BP86 and M06L functionals gave different structures from the experimental ones, as shown in [Figure S5b,c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf), and even no stable structures were obtained for the M06 functional. Thus, the B3LYP functionals and the larger 6-311G\*/SDD basis were selected to attain the relatively accurate energy. The wave functions applied were all stabilized to ensure their stabilities for optimization and frequency analysis. The geometries were fully optimized; the harmonic vibrational frequencies were calculated, and zero-point vibrational energies (ZPVE) were derived using Grimme's dispersion interaction.^[@ref37]^ In addition, for the selected species, the single-point energies of the structures optimized at the B3LYP/6-311G\*/SDD level were calculated using the CCSD(T) method with the same basis sets.^[@ref38]^ The bonding characteristics were used to describe, analyze, and visualize chemical bonds; these included the ELF distribution, bonding orders, and AIM analysis. The LOBA was utilized to elucidate the oxidation states of Rh using the Multiwfn package.^[@ref39]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01321](https://pubs.acs.org/doi/10.1021/acsomega.0c01321?goto=supporting-info).Calculated energies and structures, comparison of experimental and calculated frequencies at different functionals and different basis sets, electronic states and vibrational frequencies for **12--29**; and AIM analysis and BO on structures **5** and **11** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01321/suppl_file/ao0c01321_si_001.pdf))
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